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Introduction 

Optical coherence microscopy (OCM) is a new optical imaging technology that can 

provide detailed images of tissue architecture and cellular morphology of living tissue. The 

technique combines the sub-cellular resolution of high numerical aperture (NA) confocal 

microscopy with the increased sensitivity and penetration depth of optical coherence tomography 

(OCT) to acquire detail similar to that available in histologic tissue evaluation, except that 

images can be achieved non-invasively and viathout the need for fixation and histochemical 

staining. OCM images have been acquired from biological structures, with a resolution of 2 

microns [1] a 200 - 500 micron field of view at a penetration depth of 600 microns in plant 

specimens [2, 3] and in vitro human colon tissue [4]. Thus, OCM provides the potential to image 

epithelial tissue with the subcellular resolution needed to assess the pathologic state of tissue. 

OCM imaging builds detailed images of cell morphology and tissue architecture by using 

a high numerical aperture (NA) confocal microscope to collect light backscattered by various 

tissue components to provide contrast. The high NA objective focuses light to a three- 

dimensional voxel within the tissue and a pinhole placed at a conjugate image plane within the 

confocal microscope allows light reflected fi-om the focal volume to pass to the detector, while 

most light generated fi-om out of focus points is blocked. Further rejection of out of focus Ught is 

achieved by using an interferometric gate to reject those photons that pass through the pinhole, 

but have not traveled the same optical pathlength as light generated at the focal volume which 

has not undergone any fiirther scattering events before exiting the tissue [1, 5]. Changes in 

refractive index provide a source of reflected light at the image point, and the contrast necessary 

to recognize intracellular detail.  At this time, OCM imaging has been limited to relatively few 
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biological tissues, but results from confocal microscopy and OCX support the potential of both 

optical modalities for imaging lesions in epithelial tissue. 

Both confocal microscopy and OCX have had success in visualizing pre-cancerous and 

cancerous conditions. High NA confocal microscopy with its subcellular resolution enables 

imaging of cell morphologic and tissue architectural changes associated with dysplasia and 

cancer. In skin, where cytoplasmic melanin provides a strong source of backscattering, confocal 

microscopes have captured morphologic changes in cytologic structure and visualized 

microvasculature in both basal cell carcinomas and melanomas [6-9]. In amelanotic epithelial 

tissues, where cell nuclei provide the primary source of reflected Ught, recent work showed that 

reflectance confocal imaging of normal and precancerous cervical tissue can characterize nuclear 

size, nuclear density and nuclear to cytoplasmic ratio without the need for tissue sectioning or 

staining. Parameters extracted from confocal images could be used to discriminate high grade 

cervical precancers with a sensitivity of 100% and a specificity of 91% in a study of 25 samples 

[10]. In a study of the esophagus [11], nuclear to cytoplasmic ratios were extracted from 

confocal images of normal esophagus and esophageal cancer; differences were statistically 

significant and could be used to identify cancer with a diagnostic accuracy of 90%. Confocal 

imaging of oral mucosa has resolved subcellular detail at depths of 250 microns and 500 microns 

in the lip and tongue, respectively [12], and captured many features of normal mucosa and oral 

squamous cell carcinoma from multiple sites within the oral cavity [13]. 

While high resolution OCX imaging has demonstrated resolution on the order of 1 micron 

[14], current clinically tested OCX systems do not provide images with the subcellular resolution 

characteristic of high NA reflectance confocal microscopy. Xhey are able to use the penetration 
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depth capability of up to 1 mm to resolve architectural differences associated with the epithelial 

and stromal layers as precancers and cancers develop. In a study of the cervix, an OCX system 

captured irregularities in the epithelial layer and basement membranes of carcinoma in situ as 

well as lack of definition in the basement membrane associated with invasive carcinoma [15], 

OCT endoscopes have also successfiilly imaged a large number of internal sites. These systems 

demonstrated a reduction in the distinction between epithelial and stromal layers in OCT images 

of precancerous and cancerous tissues of the larynx, esophagus, uterine cervix, colon, urinary 

bladder and esophagus [16-22] when compared to normal tissue. 

The goal of this study was to characterize the features of normal and neoplastic oral 

mucosa using OCM and to compare these to the image features available with confocal 

microscopy. We report results of a pilot study using both a confocal microscopy and an OCM 

system to image pairs of clinically normal and abnormal biopsies obtained from 12 patients. We 

find that, like confocal microscopy, OCM can image oral mucosa with resolution comparable to 

histology without the need for tissue fixation, sectioning or staining. In addition to subcellular 

resolution, the OCM demonstrated consistently deeper penetration depths than achieved by the 

confocal arm of the system. Analysis of epithelial scattering coefficients clearly discerns a 

difference between the hyperkeratotic layers and the non-keratinized epithelium below and an 

increase in scattering associated with premalignancy. 



Methods and Materials 

Specimens 

Oral cavity biopsies were acquired from 12 patients at the Head and Neck Clinic of the 

University of Texas M. D. Anderson Cancer Center who were undergoing surgery for squamous 

cell carcinoma (SCC) within the oral cavity. Informed consent was given by all patients, and the 

project was reviewed and approved by the University of Texas M. D. Anderson Cancer Center 

Office of Protocol Research and the Institutional Review Board at the University of Texas at 

Austin. Biopsies (approximately 3 mm wide by 4 mm long by 2 mm thick) were acquired from 

at least one clinically normal appearing and clinically suspicious area and immediately placed in 

growth medium (DMEM, no phenol red). Both optical coherence and reflectance confocal 

images were obtained at multiple image plane depths from the biopsies within twelve hours of 

excision. Following imaging, biopsies were fixed in 10% formalin and submitted for routine 

histologic examination by an experienced head and neck pathologist. Additional sections from 

four of the biopsies were stained with Monoclonal Mouse anti-Cytokeratin (Pan) (MMAC) 

Concentrate Antibody (Zymed Laboratories, Inc.), a broad spectrum monoclonal antibody 

cocktail of clones Al and A3 which reacts to cytokeratins 10, 14/15, 16 and 19 in the acidic 

subfamily and all members of the basic subfamily, to assess correlations between confocal image 

features and the presence of keratin in the specimen. 

Optical Coherence System 

Images were obtained from each biopsy using an OCM system (Fig. 1). Illumination was 

provided by a broadband superluminescent diode (Superlum Diodes, Ltd., SLD 38) operating at 



850 nm with a 25 nm full-width half maximum (FWHM) bandwidth and delivered to the 

confocal microscope through a 50/50 coupler and a single-mode optical fiber. The illumination 

light was collimated to a beam diameter of 8 mm upon exciting the optical fiber and delivered to 

a water immersion microscope objective (40X, 0.8 NA) via a raster-scanning system. This 

scanning system used a resonant scanner providing an 85 Hz line scan rate and a slow scan 

galvanometer to move the focused light in the sample, allowing acquisition of images in 3 

seconds. The objective focused light to a 1 micron-diameter spot with an average illumination 

power of 0.4 mW. Light backscattered fi-om the tissue was recoupled into the optical fiber, 

mixed in the 50/50 coupler with light returning from a reference arm and sent to a low-noise, 

broadband detector (New Focus, 1801-FC). 

If the pathlengths of light returning from the sample and reference arm matched to within 

a coherence length of the SLD, interference fiinges were produced at the detector. The 

pathlength of the reference light was small-amplitude (<1 micron) modulated using a technique 

described in [23, 24] where light was reflected fi^om a mirror mounted on a sinusoidally driven 

piezo (NEC, AE0203D04). Demodulation of the first two harmonics of this modulated signal 

allowed reduction and even elimination of variation in the signal caused by thermal drifts in the 

pathlengths of the reference and sample optical fibers [4]. Hoeling demonstrated that the thermal 

variation could be eliminated if a modulation fi-equency of 122 kHz was used [23], but in order 

to raise our image acquisition rate, we increased our modulation fi-equency to a resonant 

frequency at 376.65 kHz. At this higher frequency, the displacement of the mounted piezo per 

volt was too low to balance the two harmonics without damage to the piezo, but a driving signal 

of 7.5 Vp.p was used to provide a peak-to-peak displacement of 315 nm and 65% reduction in 
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phase variations. The resuhing signal was amplified by 26 dB and bandpass filtered to isolate 

the two harmonics and reduce noise. A RMS detector (Analog, AD8361) demodulated the signal 

and provided an estimate of signal intensity, or the square of the fiinge amplitude. A 

complementary estimate of signal intensity was acquired by blocking the reference arm 

illumination and measuring the intensity of the backscattered light returned from the confocal 

microscope. This confocal signal returned to the computer through a separate electrical path 

which bandpass filtered the signal to 250 kHz and provided 10 dB of amplification. 

The OCM system operated at a dimensionless fiber spot size. A, [25] of 2.81 to optimize 

optical sectioning. The measured lateral and axial resolution of the system were 2.3 microns and 

7.8 microns, respectively. The field of view was adjustable from 150 - 250 microns by 

controlling the deflection of the scan mirrors. 

Imaging and Image Processing 

Prior to imaging, the biopsies were removed from growth media, rinsed with phosphate 

buffered solution (PBS), and oriented so the image plane of the microscope was parallel to the 

epithelial surface and would approach the epithelial layer first. A 6% solution of acetic acid was 

then added to each sample to increase image contrast [26]. OCM and confocal image pairs were 

acquired at various epithelial depths until tissue details were no longer resolvable by either of the 

imaging modalities. Upon acquisition, image voltage data was saved to a file as floating point 

numbers and also translated into 8-bit, grayscale format using a fiiU-scale contrast stretch 

algorithm to produce individual images. Each of the image frames presented here were given 

additional post-processing to increase image quality.   Brightness was enhanced by adding a 



selected percentage of full gray scale to each pixel and contrast increased by removing another 

percentage of full gray scale fi-om the image and expanding the remaining midrange gray levels. 

Images of stained histologic sections were acquired using a color CCD camera coupled to 

a brightfield microscope. The small field of view of the OCM made it difficult to register 

exactly where in the biopsy images were acquired; in each case we identified areas in histologic 

sections that corresponded to features present in our images. 

Scattering Coefficient Analysis 

A selection of image depth of focus stacks were also processed to estimate the epithelial 

tissue scattering coefficient using a technique described in [27]. An estimate of the aggregate 

tissue scattering coefficient can be calculated using the equation, 

/(z)=V-«'4z>-«'=V-^«'ii(z) ^^^ 
where lo is the incident intensity, R(z) is the depth dependent reflectivity, and |j,t is the 

attenuation coefficient, which is the sum of the absorption and scattering coefficients.   This 

technique assumes that excitation and reflected Hght travels parallel to the optical axis and that 

the attenuation coefficient does not vary as a fiinction of depth. In the near infi-ared, where we 

made our measurements, the absorption coefficient is significantly lower than the scattering 

coefficient [28] so the attenuation coefficient was assumed to equal the scattering coefficient. 

Binary masks outlining nuclei were hand-segmented by one person using a graphics editing 

program (JASC, PaintShop). A mean reflected intensity for these nuclei was calculated using the 

nuclear masks to extract specific voltage levels from the detector values saved during imaging 

and plotted as a function of depth for each stack.  These data were fit to (1) by minimizing the 

8 



mean square error between the data and the fit with the scattering coefficient as the only variable 

parameter. 

Results 

Imaging Results 

Both OCM and confocal images were successfiiUy obtained from 28 biopsies acquired 

from 12 patients with resolution similar to that provided by bright-field microscopy typically 

used to examine histologic sections. Table 1 shows the number of cUnically normal and 

abnormal specimens obtained from each site within the oral cavity. Table 2 lists the 

histopathologic diagnoses for each biopsy from each patient with 20 showing hyperkeratosis, 14 

exhibiting hyperplasia, ft)ur with mild dysplasia (two focal), three with moderate dysplasia (one 

focal), one with focal severe dysplasia, one moderately differentiated squamous cell carcinoma 

(SCC), one well differentiated SCC, and three specimens having no diagnosis due to a lack of 

epithelium in the histologic section. 

OCM images were acquired by scanning focused light in a plane parallel to the epithelial 

surface. Figure 2F shows a histology image from a biopsy with hyperkeratosis and hyperplasia 

from the floor of the mouth, flanked by confocal (Fig. 2 A - E) and OCM (Fig. 2G - K) images 

taken from the same biopsy at the different depths indicated by the lines on Fig.2F. Images from 

the superficial epithelium (Fig.2A, B, G, and H) taken at 50 and 150 microns beneath the 

epithelial surface show larger cells with extensive keratin providing bright return from the cell 

periphery regions while those acquired from 250 microns below the tissue surface (Fig. 2C and I) 

capture the more uniform, smaller cells associated with the intermediate layer. The images from 
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the basal epithelium at 300 microns below the tissue surface (Fig. 2D and J) visualize a distinct 

increase in cell density and nuclear to cytoplasmic ratio, but contrast in the confocal image (Fig. 

2D) is now significantly reduced. At this depth, the OCM is still able to resolve cell membranes 

(arrow) (Fig. 2J) and at 350 microns below the tissue surface (Fig. 2K), basal cells are still 

visible in one portion of the image (arrow) while areas of low return represent where part of the 

image plane has traversed the basement membrane into stroma (double arrows). Confocal and 

OCM image features compare well with the corresponding transverse histologic section (Fig. 

2F). This pattern of confocal and OCM images was typical of those recorded from normal 

biopsies in this study. 

Detection of oral dysplasia requires sub-cellular resolution to capture changes in nuclear 

shape and area characteristic of pathologic changes in tissue during pre-malignant progression. 

Figure 3 shows both histologic and OCM images from a hyperplastic and hyperkeratotic biopsy 

from gingiva (A, C) and an invasive, well differentiated squamous cell carcinoma from the soft 

palate (B, D). The nuclei in Fig. 3 A and Fig. 3C demonstrate the consistent shape, area, and 

spacing common to healthy tissue. In sharp contrast, the tightly packed tumor cells imaged in 

Fig. 3B and Fig. 3D exhibit extensive variations in nuclear size and nuclear morphology. 

Epithelial nuclei (single arrows) appear as bright areas on the OCM image, whereas areas of 

stroma with inflammation (double arrows) appear dark in the OCM image. 

Penetration Depth and Scattering Coefficient Analysis 

An important performance measure for optical imaging in tissue is the maximum depth at 

which images can be obtained, or the penetration depth.    Imaging performance for both 

modalities was analyzed for the 23 biopsies in which consistent features were resolved 
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throughout imaging. For this analysis, penetration depth was defined as the maximum depth at 

which imaging captured individual nuclei. The results of this analysis are shown in Figure 4. 

The OCM consistently imaged more deeply than the confocal microscope, imaging 100 or more 

microns deeper than confocal microscopy in 3 cases, 50 microns or more in 7 cases, and less 

than 50 microns deeper in 13 cases. Overall, the penetration depth of the OCM exceeded the 

penetration depth of the confocal by an average of 33%. The widely divergent penetration 

depths for the study (93 - 338 microns for the OCM) illustrate the challenge presented by the 

diversity of tissue types and pathologic states found in the oral cavity. 

An analysis of epithelial scattering coefficients for these samples was also performed. 

Twenty-nine depth of focus stacks, representing 16 biopsies, were selected. Stacks were chosen 

based on clarity of nuclei over at least 5 image depths and a maximum of two stacks per biopsy 

were used. In 23 of 29 stacks, an exponential curve could not be fit to the entke reflected 

nuclear intensity curve because a region existed at the beginning of the data that did not fit the 

model. Reflectivities in these regions varied greatly with signal commonly increasing during the 

first 20 - 50 microns, before either remaining relatively constant or dropping off significantly. 

In 14 of the 23 stacks, the signal started to attenuate exponentially at a specific depth. Upon 

examination of the pathology diagnosis for these cases, it became apparent that all 23 of these 

samples came fi-om hyperkeratotic biopsies while three of the remaining six stacks were SCCs 

without hyperkeratotic layers and another two came from a biopsy with a very minimal 

hyperkeratotic layer. Figure 5 shows two examples of the reflected nuclear intensity versus 

depth; the hyperkeratotic layers are clearly distinguishable in both the histology and the 

normalized nuclear reflectance plots.     Figure 5A shows a histologic image from a keratin 

11 



antibody (MMAC) stained section jfrom a hyperkeratotic and hyperplastic gingiva biopsy with a 

plot of normalized reflected nuclear intensity taken from the same biopsy (Fig. 5B). The top 10 

- 20 microns of the biopsy are heavily keratinized followed by a 40 - 90 micron layer of 

keratinized cells. This layer is recorded in the plot by a brief period of increasing reflected 

nuclear intensity before the signal becomes relatively constant until 70 microns below the tissue 

surface. At this depth, the intensity begins to drop. When the data from 70 - 150 microns is 

fitted to an exponential curve, the fit constant is 54 (with a R^ value of 0.91), implying a 

scattering coefficient of 27 cm'^ The histologic image in Fig. 5C from a keratin antibody 

(MMAC) stained section from a hyperkeratotic, mildly dysplastic gingiva biopsy with focal 

moderate to severe dysplasia has 20 - 40 micron heavily keratinized superficial layer a top a 30 - 

100 micron thick layer of keratinized cells. This layer is recorded in the plot in Fig. 5D by a 

brief period of increasing reflected nuclear intensity before the signal varies significantly until 

120 microns below the tissue surface. At this depth, the intensity begins to drop. When the data 

from 120 - 190 microns is fitted to an exponential curve, the fit constant is 69 (with a R^ value of 

0.89), implying a scattering coefficient of 34 cm'VFigure 6 shows more examples of normalized 

nuclear reflectance plots from different sites in the oral cavity representing muhiple pathologic 

states. Variations in reflected nuclear intensities in the superficial layer of the measurements are 

also captured in Figures 6B and 6C. Figure 6 also illustrates an increasing trend in scattering 

coefficients due to dysplasia and SCC with a hyperkeratotic and hyperplastic biopsy (Figure 6A) 

having an estimated scattering coefficient of 16 cm'\ a hyperkeratotic, mildly dysplastic biopsy 

(Figure 6B) having an estimated scattering coefficient of 34 cm'*, a severely hyperkeratotic, 

moderately dysplastic biopsy (Figure 6C) having an estimated scattering coefficient of 48 cm"\ 
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and an invasive, well-differentiated SCC (Figure 6D) having an estimated scattering coefficient 

of70cm"V 

This trend is demonstrated in a scatter plot in Figure 7A for the 20 samples that either did 

not have a hyperkeratotic region or had a second layer that exhibited an exponential attenuation 

of reflected nuclear intensity. Figure 7B shows the mean scattering coefficients for these stacks 

by pathologic diagnosis. The mean scattering coefficient for samples from normal biopsies was 

27 ± 11 cm"^ with a minimum and maximum value of 13 and 42 cm'\ respectively. The mean 

scattering coefficient for samples from dysplastic biopsies was 39 ± 6 cm'\ with a minimum and 

maximum value of 34 and 48 cm'*, respectively. Finally, the mean scattering coefficient for 

samples from SCC biopsies was 60 ± 9 cm"\ with a minimum and maximum value of 54 and 70 

cm'\ respectively. While the number of samples from SCC is small, there is a increase in the 

average scattering coefficient as the tissue progresses from normal to dysplasia to cancer. 

Discussion 

The images presented here illustrate the ability of OCM to image oral mucosa with 

resolution comparable to histologic evaluation without tissue preparation and staining. In normal 

tissue, depth-related changes in cell diameter and nuclear density were observed at multiple 

anatomic sites within the oral cavity. The penetration depth of the OCM was greater than that 

which could be achieved with confocal microscopy. In SCCs, densely packed, pleomorphic 

tumor nuclei could be visualized while areas of inflammation appeared dark. Our images 

correlate well with histology and are similar to previously reported optical imaging results in the 

oral cavity [12, 29]. 
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Our study of oral epithelial scattering coefficients emphasizes the role that a 

hyperkeratotic layer plays in optical imaging of the oral cavity. We believe that the low levels of 

reflected intensity at the superficial portion of the hyperkeratotic layer are due to high levels of 

keratin that lower the index mismatch between nuclei and the surrounding cytoplasm. The 

reflected intensity increases as the level of keratin in the cytoplasm drops leading to an increase 

in refi-active mismatch. This result supports the conclusion made in a previous study [29] that a 

larger refi-active index exists in the hyperkeratotic layer that would limit the ability of 

illumination light to reach lower levels in the tissue by increasing specular reflection at the tissue 

surface. We also believe that the characteristic depth dependent reflectivities observed in the rest 

of the hyperkeratotic layer are a result of changing levels of keratin in the cytoplasm as well as 

pyknotic nuclei. Previous studies have shown that chromatin material in the nucleus is 

responsible for the index mismatch that provides a significant amount of the contrast in optical 

imaging of amelanotic tissue [30]. Nuclei present in a hyperkeratotic (or parakeratotic) layer are 

pyknotic due to the death of cells with condensed, irregular chromatin [31]. Varying shapes and 

DNA levels would cause the reflectivity and scattering fimction to fluctuate with each individual 

nucleus. 

The average scattering coefficients reported here show an increase from 27 cm"^ in 

normal tissue to 39 cm"^ in dysplastic tissue to 60 cm'^ in SCCs. We believe that the increased 

scattering in abnormal tissue is due to changes in nuclear morphology. Quantitative measures of 

normal oral epithelium and oral SCC found almost a doubUng in DNA content in SCC when 

compared to normal tissue [32]. Our resuUs are similar to the 22 cm'^ and 69 cm'' for normal 

and dysplastic epithelium, respectively, extracted from cervical tissue confocal images [77] and 
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the 13 cm"* and 142 cm'* for normal and dysplastic epithelium predicted by our finite difference 

time domain (FDTD) algorithm which estimated the volume fraction of nuclei and average 

nuclear size fi-om cervical confocal images [33]. We did observe higher scattering in normal oral 

mucosa than found in cervical epithelium which we attribute to higher levels of keratin in the 

cytoplasm. 

Recently, a number of studies have suggested that optical spectroscopy and imaging can 

probe changes in both the epithelium and stroma of both oral and cervical tissue [34-40], but 

these methods are based on accurate models of the optical properties of the target tissue. Our 

previous study of cervical epithelial scattering suggested, based on its results for epithelial 

scattering coefficients, that single layer models that assume tissue is homogeneous are not well 

suited to describe light propagation in tissue because of the large difference in scattering between 

epithelium and stroma [27]. Our results fiirther emphasize this point by identifying separate 

layers within the epithelium with significantly different scattering properties. Therefore, 

techniques that attempt to accurately model microanatomical and biochemical features of 

epithelium and their effect on scattering [33, 38, 39, 41] will play a vital role in supporting 

optical spectroscopy as a tool in the oral cavity. 

Conclusion 

In this study, we have shown the power of optical coherence microscopy to visualize, at 

the subcellular level, features of both normal and neoplastic oral mucosa throughout the oral 

cavity. Penetration depths for the OCM were consistently greater than accompanying confocal 

imaging. Extraction of scattering coefficients from reflected nuclear intensity was successful in 
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non-hyperkeratotic layers and showed differentiation between scattering properties of normal 

and dysplastic epithelium and SCCs. 
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Table 1. Number of clinically normal and abnormal biopsies from each site. 

Location 
Clinical Appearance 

Normal       Abnormal 

Tongue (Lateral and Ventral Surfaces) 3 4 

Floor of Mouth 2 2 

Gingiva 4 6 

Buccal Mucosa 3 2 

Soft Palate 1 1 
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Table 2. Histopathologic diagnosis by patient. 

# Site 
Histopathologic Diagnosis 

Clinically Normal 
Biopsy 

Clinically Abnormal 
Biopsy 

1 
Tongue 
(Lat. surface) 

Hyperkeratosis, 
hyperplasia 

Moderate focal 
dysplasia 

2 Gingiva 
Hyperkeratosis, 
hyperplasia 

Hyperkeratosis, 
hyperplasia 

3 Gingiva Mild focal dysplasia 
Moderate to severe focal 
dysplasia, 
hyperkeratosis 

4 Gingiva None' 
Hyperkeratosis, 
hyperplasia 

5 Soft Palate 
Hyperkeratosis, 
hyperplasia 

Well differentiated SCO 

6 
Floor of mouth (N)^ 
Gingiva (A)^ 

Hyperkeratosis, 
hyperplasia 

None' 

7 
Tongue 
(Lat. surface) 

Hyperkeratosis, 
hyperplasia 

Mild focal dysplasia, 
hyperkeratosis 

8 Floor of mouth 
Mild dysplasia, 
hyperkeratosis 

Mild to moderate 
dysplasia, severe 
hyperkeratosis 

9 
Tongue 
(Lat. surface) 

Severe hyperkeratosis, 
hyperplasia 

Mild dysplasia 

10 
Buccal mucosa 
(N, Al, A2^ 

Hyperkeratosis, 
hyperplasia 

Severe hyperkeratosis 
(Al) 
Hyperkeratosis, 
hyperplasia (A2) 

11 

Buccal mucosa (Nf 
Floor of mouth 

Gingiva (AZf 

Hyperkeratosis, 
hyperplasia 

Moderate dysplasia, 
hyperkeratosis (Al) 
Hyperkeratosis, 
hyperplasia, (A2) 

12 Gingiva 
Hyperkeratosis, 
hyperplasia 

Moderately 
differentiated SCO 

13 
Buccal mucosa (N)'^ 
Tongue 
(Lat. surface) (A)^ 

Hyperkeratosis, 
hyperplasia 

None' 

0 epit lelium in specimen. 

^The clinically normal (N) and abnormal (A) biopsies were acquired from different sites 

in the oral cavity due to the extent of the lesion. 
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Fig. 1. Diagram of the OCM system used to image oral cavity specimens. 

Fig. 2. Transverse histologic image (F) with en face confocal (A - E) and OCM (G - K) 

images obtained at different depths beneath the epithelial surface of a hyperkeratotic and 

hyperplastic floor of the mouth biopsy. Both imaging modalities captured an increase in 

nuclear density as the depth of the focal plane increased from (A, G) 50 microns to (B, H) 

150 microns to (C, I) 250 microns below the tissue surface. At (D) 300 microns below the 

tissue surface, confocal image quality started to degrade and by (E) 350 microns below 

the tissue surface, features were barely resolvable. In the corresponding OCM images, 

cell membranes (arrow) are still resolvable at (J) 300 microns below the tissue surface. 

At (K) 350 microns below the tissue surface, cells are captured (arrow) and part of the 

focal plane has traversed through the basement membrane into stroma (double arrows). 

Scale bars = 20 microns. 

Fig. 3. Histologic and en face OCM images of normal and cancerous tissue. The 

consistent nuclear area and spacing in images from a hyperplastic and hyperkeratotic 

biopsy from gingiva (A, C) contrast sharply with the tightly packed tumor cells (arrow) 

containing irregular nuclei visualized in a well differentiated SCC from the soft palate (B, 

D). A portion of stroma with inflammation (double arrows) is also captured in both 

images of the SCC (B, D). Scale bars = 20 microns. 

Fig. 4. Penetration depth of confocal microscopy versus OCM system. 
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Fig. 5. Comparison of histology to nonnalized reflected nuclear intensity as a function of 

depth. (A) Histologic image from a keratin antibody (MMAC) stained section from a 

hyperkeratotic and hyperplastic gingiva biopsy. (B) Plot of normalized reflected nuclear 

intensity taken from the same biopsy in (A) showing characteristic decay within the 

hyperkeratotic region and exponential attenuation starting at 70 microns with a a 

scattering coefficient of 27 cm'^ (C) Histologic image from a keratin antibody (MMAC) 

stained section from a hyperkeratotic gingiva biopsy with mild dysplasia and focal 

moderate to severe dysplasia. (D) Plot of normalized reflected nuclear intensity taken 

from the same biopsy in (C) showing characteristic decay of the hyperkeratotic region 

and exponential attenuation starting at 120 microns with a scattering coefficient of 

34cm-V 

Fig. 6. Examples of normalized nuclear intensity plots from different sites and 

pathologic states. (A) Plot from a hyperkeratotic and hyperplastic biopsy from the floor 

of the mouth with an estimated scattering coefficient of 16 cm'^ (mean R^ value of 0.92). 

(B) Plot from a hyperkeratotic, mildly dysplastic biopsy from the lateral surface of a 

tongue with an estimated scattering coefficient of 34 cm'^ (mean correlation coefficient of 

0.96). (C) Plot from a severely hyperkeratotic, moderately dysplastic biopsy from the 

floor of the mouth with an estimated scattering coefficient of 48 cm"^ (mean correlation 

coefficient of 0.96). (D) Plot from an invasive, well differentiated SCC from the soft 

palate with an estimated scattering coefficient of 70 cm"^ (mean correlation coefficient of 

0.98). 
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Fig. 7. (a) Scatter plot of scattering coefficients for non-hyperkeratotic tissue, (b) Bar 

chart comparing mean scattering coefficients for non-hyperkeratotic tissue by pathologic 

diagnosis. 
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